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The “Fossil Record” can fill a gap in our high-z knowledge.
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Early Chemical Evolution is Hierarchical and Stochastic.
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Early Star Formation and Nucleosynthesis Was “Weird”
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Pursuing High-z / Low-z links is essential.
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Hot Topics in the Study of the “First Stars”
1. What was the IMF of primordial stars? 

- Simulations (Abel et al. 2002, Bromm et al. 2002; Yoshida et al. 2006,  O’Shea et al. 
2007) indicate mass scales of 10s to 100s M⊙ owing to inefficient cooling in 
primordial gas. Feedback limits final mass to <~ 200 M⊙ (Tan & McKee ’07). This is a 
very strong prediction of theory. 

- These simulations cannot yet predict the final masses, and even if they could 
observational tests of the IMF are needed. 

2. When did the first low-mass stars form? Under what conditions?

- Theoretically defined “critical metallicity”, Zcrit, ~ 10-4 Z⊙, required for efficient 
fragmentation to low-mass stars, but this boundary is blurred by local conditions.

- The IMF may not become “normal” until much higher metallicity, depending on local 
conditions, the global radiation background, and the CMB. 

3. Did the first stellar generations yield novel types of SNe, or unusual yields?

- Extremely energetic “Pair Instability Supernovae” or “hypernovae”? 

- We would also like to isolate the first sources of rare heavy elements.
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Turk et al. 2009, Science, 325, 601

Simulations tell us that the first stars formed in 
isolation, or perhaps in binaries or small clusters, in the 

first virialized halos of T ~ 103-4 K at z = 35 - 15. 
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Why Pursue the Fossil Record?
We want “to understand how the first stars and galaxies formed, and 
how they change over time into the objects recognized in the present 

Universe.” (NASA Strategic Research Objective 3D.2)

For many astronomers, this means “deep fields” to study galaxy light at 
high redshift, and to examine their luminosity, mass, star formation 

history, and other properties of the population.

This frontier was recently advanced to z ~ 8 by Hubble’s new Wide Field 
Camera 3, giving a small taste of what JWST offers. 

Monday, June 7, 2010



Why Pursue the Fossil Record?
We want “to understand how the first stars and galaxies formed, and 
how they change over time into the objects recognized in the present 

Universe.” (NASA Strategic Research Objective 3D.2)

For many astronomers, this means “deep fields” to study galaxy light at 
high redshift, and to examine their luminosity, mass, star formation 

history, and other properties of the population.

This frontier was recently advanced to z ~ 8 by Hubble’s new Wide Field 
Camera 3, giving a small taste of what JWST offers. 

Monday, June 7, 2010



Why Pursue the Fossil Record?
We want “to understand how the first stars and galaxies formed, and 
how they change over time into the objects recognized in the present 

Universe.” (NASA Strategic Research Objective 3D.2)

For many astronomers, this means “deep fields” to study galaxy light at 
high redshift, and to examine their luminosity, mass, star formation 

history, and other properties of the population.

This frontier was recently advanced to z ~ 8 by Hubble’s new Wide Field 
Camera 3, giving a small taste of what JWST offers. 

Monday, June 7, 2010



Why Pursue the Fossil Record?
We want “to understand how the first stars and galaxies formed, and 
how they change over time into the objects recognized in the present 

Universe.” (NASA Strategic Research Objective 3D.2)

For many astronomers, this means “deep fields” to study galaxy light at 
high redshift, and to examine their luminosity, mass, star formation 

history, and other properties of the population.

This frontier was recently advanced to z ~ 8 by Hubble’s new Wide Field 
Camera 3, giving a small taste of what JWST offers. 

Monday, June 7, 2010



Why Pursue the Fossil Record?
We want “to understand how the first stars and galaxies formed, and 
how they change over time into the objects recognized in the present 

Universe.” (NASA Strategic Research Objective 3D.2)

For many astronomers, this means “deep fields” to study galaxy light at 
high redshift, and to examine their luminosity, mass, star formation 

history, and other properties of the population.

This frontier was recently advanced to z ~ 8 by Hubble’s new Wide Field 
Camera 3, giving a small taste of what JWST offers. 

But . . . 
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Won’t JWST See the First Stars?

STScI
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Won’t JWST See the First Stars?

It turns out that if our theory of the first stars is correct, it will be nearly 
impossible to detect them directly in the high-redshift Universe!

Monday, June 7, 2010



Is the Pop II to II transition visible where it occurred?
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One 100 M☉ Pop III star

Ten thousand!

NIRCam limits, 105 sec, 10 

z=6

z=20
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If our theory of the first stars is correct - one massive star per minihalo or 
small clusters in 104 K halos - it will be nearly impossible to detect them 

directly in the high-z Universe!

Now what?

One 100 M☉ Pop III star

Ten thousand!

NIRCam limits, 105 sec, 10 

z=6

z=20
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NIRCam flux limits (10)

Okrochkov & Tumlinson (2010)

High Redshift Visibility of Milky Way Progenitors
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MW progenitors visible to z ~ 6 - 8 in JWST deep fields (~dust).
Each one deposits some stars into the MW halo - how do the low-z 

stars and the high-z visibility relate? 
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The High-Redshift Visibility vs. Metallicity

Okrochkov & Tumlinson, ApJL, in press
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“Fossil record” “Synthesis”

Now: there are two kinds of stars that survive in the MW halo. 
1) Those that formed in progenitors NIRCam can see: [Fe/H] ⪞ -2 

2) Those that formed in progenitors NIRCam cannot see: [Fe/H] ⪝ -2

Okrochkov & Tumlinson (2010)
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our high-z knowledge.

AV
 =

 0

AV
 =

 0
.2

The High-Redshift Visibility vs. Metallicity

Okrochkov & Tumlinson, ApJL, in press

-3.0 -2.5 -2.0 -1.5 -1.0
[Fe/H]

0.0

0.2

0.4

0.6

0.8

1.0

1.2

Vi
sib

le
 F

ra
ct

io
n

Invisible

Visible

Fr
ac

tio
n 

fo
rm

ed
 in

 a
 v

is
ib

le
 p

ro
ge

ni
to

r 

“Invisible”

“Visible”

[Fe/H]

“Fossil record” “Synthesis”

Now: there are two kinds of stars that survive in the MW halo. 
1) Those that formed in progenitors NIRCam can see: [Fe/H] ⪞ -2 

2) Those that formed in progenitors NIRCam cannot see: [Fe/H] ⪝ -2

Okrochkov & Tumlinson (2010)

Monday, June 7, 2010



Lesson 1
The “Fossil Record” can fill a gap in our high-z knowlege.

Lesson 2
Early Chemical Evolution is Hierarchical and Stochastic.

CCE and the MW in Four Easy Lessons

Monday, June 7, 2010



Beers & Christlieb (2005) ARA&A
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The “Fossil Record”

Measured proper motion, radial velocity, and position trace galactic 
components – disk, bulge, or halo. 

Color, luminosity, Teff, and metallicity select old, low-mass stars with 
[Fe/H]  < -2 that most likely trace the first generations.  
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Observable quantities (stellar parameters, [X/Fe], orbit) 
are complex, emergent, stochastic functions of many 

coupled physical processes. 

The Problem

+
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Chemical Evolution Is Hierarchical
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Chemical Evolution is Stochastic - Need SAMPLES

VLT data - Cayrel et al. (2004)  and Barklem et al. (2005) 
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Chemical Evolution is Stochastic - Need SAMPLES

VLT data - Cayrel et al. (2004)  and Barklem et al. (2005) 
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HERES Survey - Barklem et al. (2005)

≥ 82% at [Fe/H] ≤ -2.5 show r-process enrichment
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Hierarchical, Stochastic Models and the MW

Tumlinson (2010)
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[Fe/H] < -3.5

[Fe/H] < -2.0

Chronologically older stars are more
centrally concentrated.

stars formed at all z
stars formed z > 10 
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Case Study 1: r-process, iron peak and the first stars 

VLT data - Cayrel et al. (2004)  and Barklem et al. (2005) 
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Tumlinson, Venkatesan, & Shull (2004)

Yields of individual VMS/PISN compared to Galactic Pop II stars:

   Widespread r elements rule out IMF of pure VMS (but. . . )

   To match observed Fe-peak ratios and odd-even effect, VMS 
cannot contribute more than ~½ of Fe to early chemical evolution. 

Yields: Heger+Woosley - Data: McWilliam95, Carretta02, Cayrel04

PISNe in Low-Metallicity Stars?
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A Possible Solution: Energetic “Hypernovae” in the First Generation: 

   - Larger zones of complete Si burning enhance Co, Zn and reduce Cr, Mn, matching 
observed trends. (Umeda+Nomoto2005).

   - For calculated yields, hypernova fraction in first generation  approaches fHN = 1 to 
match data on Co, Mn, Cr, Zn, and fHN > 0.5 at 90%+ confidence from discrete histories. 

Tumlinson, Venkatesan, & Shull (2004) Yields: Umeda+Nomoto04 - Data from McWilliam95, Carretta02, Cayrel04

Hypernovae in Low-Metallicity Stars?
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Lai et al. (2008)

Hypernovae in Low-Metallicity Stars?
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Tumlinson (2006)

A

B

C

Too many “True” Pop III stars.

Too much Fe from PISNe

Too little r-process

σ
mc

PISNe are not 
needed to explain 
the observed 
chemical abundance 
of Milky Way halo 
stars.

Observed halo abundances fit in well with the 
emerging picture of “Pop III.2”; lower mass primordial 
stars, 10 - 100 M⊙, formed in larger HD-cooled halos. 

Lai et al.(2008) find ~ 10-20 M⊙ is favored mass scale. 

The Fossil Record 
of the Pop III IMF 
(so far) Tumlinson (2006, ApJ, 641, 1)

TextTumlinson (2006)
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of the Pop III IMF 
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Text

Lai et al. (2008)

Tumlinson (2006)
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Iwamoto et al. 2005, Science, 309, 451 Data from Christlieb; Frebel

Mcut

Faint SNe in which light elements escape 
but heavy elements fall into the black 
hole? (Iwamoto et al. 2005)

AGB mass loss?

Meynet, Ekstrom, Maeder (2006)
Chiappini et al. (2006) Stellar winds from rapidly rotating Z = 0 

stars, or AGB mass loss? 

Jet-induced explosion
Tominaga et al. (2007)

A jet-induced (GRB-like) explosion with 
mixing and fallback? 

Case Study 2: 
The origins of the HMP stars  
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Iwamoto et al. 2005, Science, 309, 451 Data from Christlieb; Frebel
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Iwamoto et al. 2005, Science, 309, 451 Data from Christlieb; Frebel

Mcut

Faint SNe in which light elements escape 
but heavy elements fall into the black 
hole? (Iwamoto et al. 2005)

AGB mass loss?

Meynet, Ekstrom, Maeder (2006)
Chiappini et al. (2006) Stellar winds from rapidly rotating Z = 0 

stars, or AGB mass loss? 

Jet-induced explosion
Tominaga et al. (2007)

We have “existence 
proofs” for various 
unusual abundance 

patterns.

A jet-induced (GRB-like) explosion with 
mixing and fallback? 

Case Study 2: 
The origins of the HMP stars  

But there are still too 
many basic mechanisms 
that can be responsible!
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Case Study 3: CEMP Zoo and AGB Nucleosynthesis 
The Carbon-Enhanced Metal-Poor Star Zoo

CEMP
CEMP-no
CEMP-r
CEMP-s
CEMP-r/s

all these phenomena may relate to the mass-
and-metallicity dependent yields of 

intermediate mass stars and AGB (Suda et al. 
2006, Komiya et al. 2007, Masseron et al. 2009)

HE1327-2326

HE0107-5240

after K
om

iya et al. (2007)

CEMP = [C/Fe] > 1
@ [Fe/H] < -2
Beers & Christlieb (2005)
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A top heavy IMF is indicated (Lucatello et al. 
2005; Komiya et al. 2007, Tumlinson 2007a,b) 

but depends on yields. How can these be 
independently tested? 

MJ ≈ 0.9 Mּס [TCMB/10K]1.70-3.35

z = 5, 10, 20    TCMB = 16, 30, 57 K   MC = 2, 6, 17 M ּס 

HMPs

More metal-poor stars form earlier, so 
fCEMP increases with declining [Fe/H].

(Tumlinson 2007, ApJ, 664, L63) 
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Case Study 1: 
We can constrain the primordial IMF using r-process 

and iron-peak elements, but we need to know the yields 
of these elements as a function of mass, etc.

Case Study 2:
We can reproduce the abundance patterns seen in the 

“HMP Stars”, with too many non-unique and poorly 
understood mechanisms. Was it binary mass transfer 

or exotic supernovae?   

Case Study 3:
We can make CEMP stars with AGB mass transfer, but 
we can’t make every animal in the zoo in the correct 

proportions. Implications for IMF depend on it. 

Early CE was Weird
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Recall: We have estimated that the majority of MW halo stars with [Fe/H] < -2 
formed in galaxies that would be too faint for JWST in the high-z Universe. 

Okrochkov & Tumlinson (2010)
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Can we do the same experiment with high-z GRBs?
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Recall: We have estimated that the majority of MW halo stars with [Fe/H] < -2 
formed in galaxies that would be too faint for JWST in the high-z Universe. 

Okrochkov & Tumlinson (2010)
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CCE and the MW in Four Easy Lessons

So statistical samples are needed!

So there is motivation for looking for the gas!

So pursuing GRBs as chemical probes is a great idea!
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• Early chemical enrichment is stochastic, and in galaxy spectra 
we see population-averaged abundances. Can we measure 
local, “instantaneous” abundances at high redshift? 

• Early chemical abundances in metal-poor halo stars are 
“weird”. If these trends (e.g. CEMPs) are caused by exotic 
supernovae, can we find at high z the pockets of gas they have 
produced?

• If we can get GRB probes at z > 6, what sensitivity will they 
have to metallicity (< -2) and to relative abundances? 

Questions Posed by the MW’s Lessons
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Questions and Issues for Discussion

• We know that early chemical enrichment (z > 6) is stochastic, weird, 
and related to the IMF, but that it is a crucial window into star 
formation at z > 6. 

• Direct observations of starlight for [Fe/H] < -2 MW progenitors are 
beyond the reach of JWST.

• So what can a GRB-focused mission do to complement this low-
redshift “fossil record”?  

• Mission “desirements”: 

1. Statistical sample of absorption-line probes of galaxies at z = 6 - 10.

2. Obtain galaxy mass-metallicity relation at epoch of reionization 
(Already being done with GRB-DLAs, but how far in z can we go?)  

3. Measure relative abundances for C, Fe, etc.  Are they “weird”?
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